The effect of annealing environment on the luminescence of silicon nanocrystals in silica The effect of annealing environment on the photoluminescence from silicon nanocrystals synthesized in fused silica by ion implantation and thermal annealing is examined as a function of annealing temperature and time. The choice of annealing environment (Ar, N 2 , or 5% H 2 in N 2 ) is found to affect the shape and intensity of luminescence emission spectra, an effect that is attributed both to variations in nanocrystal size and defect states at the nanocrystal/oxide interface. This is supported by Raman spectroscopy. There has been extensive work over the past decade on the optical properties of porous Si and Si nanocrystals embedded in SiO 2 , with a particular emphasis on the strong room-temperature luminescence observed from these materials. 1 Although the exact mechanism for light emission remains controversial, it is well established that the emission energy is dependent on nanocrystal size 2 and that nonradiative surface defects (including P b -type defects) compete with radiative processes. 3 In this respect, SiO 2 is the ideal matrix for Si nanocrystals as it can passivate a large fraction of the dangling bonds that cause nonradiative quenching. 4 Hydrogen passivation has been shown to have a further passivating effect on nonradiative defects at the Si/ SiO 2 interface and consequently to cause a significant increase in the luminescence efficiency of silicon nanocrystals. [4] [5] [6] [7] [8] Although the effect of annealing environment on nanocrystal luminescence has not been studied explicitly, it is well known that the choice of environment during thermal annealing of planar Si/ SiO 2 interfaces can affect the interfacial defect density. 9 For example, Ar gas is generally considered as an inert annealing environment. Molecular nitrogen is also believed to be relatively inert for annealing temperatures Ͻ1200°C, though prolonged annealing at temperatures Ͼ925°C has been shown to result in the generation of fixed oxide charge after an initial reduction. 10 Moreover, nitrogen has been shown to be incorporated in Si/ SiO 2 layers, predominantly at the interface, during high-temperature annealing in a N 2 environment. 11 Hydrogen also interacts with Si. For example, the exposure of a-Si: H films to atomic hydrogen leads to an etching of the film (strained Si-Si bonds) and eventually to its transformation into nanocrystalline material. 12 Clearly, the choice of annealing environment during the formation of silicon nanocrystals embedded in SiO 2 , though often assumed unimportant, may well have a significant effect on their luminescence.
Fused silica plates, 1 mm thick, were implanted with 100 keV Si − ions to a fluence of 8 ϫ 10 16 cm −2 , corresponding to an excess Si concentration of 10 at. % at the projected range of 150 nm. 13 The nucleation and growth of nanocrystals were achieved by annealing implanted samples at 1100°C for either 1 h or 16 h (the former represents a typical annealing schedule, whereas the latter is known to create a steady-state size distribution of nanocrystals 14 )
. Thermal annealing was performed in a quartztube furnace with a flowing environment of either high-purity ͑Ͼ99.98% ͒Ar, N 2 , or 5% H 2 in N 2 (forming gas -FG) (sample set A). Portions of these samples were subsequently annealed for 1 h at 500°C in FG (sample set B) or 750°C in N 2 (sample set C), the former to compare the effects of hydrogen passivation and the latter to compare unpassivated samples by removing hydrogen from the sample initially annealed in FG. These implant conditions were used for all the photoluminescence (PL) measurements shown in this work. For the Raman measurements, higher energy implants were performed to increase the Raman intensity, namely, 400 keV Si + ions implanted to fluences in the range from 2 ϫ 10 17 to 6 ϫ 10 17 cm −2 . The lowest fluence implant was chosen to yield approximately the same peak excess Si concentration as for the 100 keV implant used for PL measurements. As the nanocrystal size distribution is dependent on the initial Si excess 14 the size distributions for these two implants are expected to be similar.
PL measurements were performed at room temperature using the 488 nm line of an Ar + laser as the excitation source. Emitted light was analyzed using a single-grating monochromator (TRIAX-320) and detected with a liquidnitrogen cooled charge-coupled device (CCD) array (EEV CCD30-11). All spectra were corrected for system response. Laser Raman spectra were recorded on a DILOR Super Labram spectrometer equipped with a liquid-nitrogen cooled CCD detector. The samples were illuminated with the 514.5 nm line of an Ar + laser with an Olympus 100ϫ microscope objective used to focus the laser beam and collect the scattered light. [The samples annealed in N 2 exhibited a significant fluorescence background, whereas the samples annealed in Ar did not [see Fig. 3(a) ]. In Fig. 3(b) , the fluorescence background was fitted with a standard polynomial and subtracted from the Raman spectra. The Raman spectrum of fused silica, measured under the same conditions, was subtracted from each spectrum]. environment on the PL of samples annealed at 1100°C for 1 h and 16 h, respectively (sample set A). Broad PL emission, characteristic of Si nanocrystals, is observed for all annealing environments. Although the spectra vary considerably in intensity after 1 h, the peak positions are similar, implying a similar mean size for the nanocrystals. However, after the 16 h anneal the PL spectrum from the sample annealed in Ar exhibits a significant redshift relative to the samples annealed in the other two environments. It is also considerably lower in peak and integrated intensity. The higher PL intensity for the samples annealed in a FG environment is due to hydrogen passivation of nonradiative defects, most likely interfacial silicon dangling bonds (P b -type defects). 4 [This is confirmed by the large reduction in intensity after hydrogen desorption, as shown in Figs. 1(c) and 2(c) .] The sample annealed in N 2 is observed to have a higher PL intensity than that of the sample annealed in Ar, both after 1 and 16 h.
After hydrogen passivation (sample set B), Figs. 1(b) and 2(b), the PL spectra from samples annealed in N 2 and FG environments are similar. In contrast, those from the samples annealed in Ar are redshifted relative to the other two environments. This shift is also greater for the sample annealed for 16 h in Ar (95 nm compared to N 2 ) than for the sample annealed for 1 h in Ar (25 nm). There are two important points to note from these comparisons: (a) the observed redshift suggests that the mean size of luminescent nanocrystals is larger for samples annealed in Ar than for those annealed in N 2 or FG (the 25 nm and 95 nm shifts correspond to a 0.25 nm and 1 nm increase in mean diameter d 0 , respectively); 2 and (b) since the intensity enhancements and redshifts due to passivation are much greater for samples annealed in Ar than for those annealed in N 2 or FG, nanocrystals formed in Ar are more likely to contain nonradiative defects. 3 Figures 1(c) and 2(c) show PL spectra from the samples initially annealed in different environments (for 1 h and 16 h, respectively) following an additional 750°C anneal in N 2 for 1 h (sample set C). The samples initially annealed in FG yield slightly less emission than the samples annealed in N 2 after this step. This suggests that hydrogen has some effect on the growth process, possibly through etching strained Si-Si bonds. 12 Since the samples initially annealed in N 2 or Ar should contain negligible levels of hydrogen, the increase in their PL intensities after this lower temperature anneal [compare with Figs. 1(a) and 2(a) ] is believed to primarily result from a reduction in nonradiative defects at the Si/ SiO 2 interface. Significant growth of the nanocrystals is unlikely at 750°C and this is supported by the absence of any redshift in the emission. 15 However, this anneal is sufficient to relieve interfacial stress at the Si/ SiO 2 interface. Since stress is known to affect the concentration and morphology of defects at the Si/ SiO 2 interface, 16 any change in the level of stress may be expected to influence the luminescence. Thus, we speculate that the increase in PL emission after the additional 750°C anneal for samples initially annealed in N 2 and Ar is due to the relaxation of stress. That the effect is not due to additional N 2 incorporation is demonstrated by a comparable increase in emission for the Ar sample subsequently annealed in Ar at 750°C (not shown), rather than in N 2 .
The differences in PL shape and intensity resulting from the Ar environment have been, in part, attributed to differences in nanocrystal size. For example, PL modeling 2 indicates a mean size difference of 1 nm between samples annealed for 16 h in Ar and N 2 [ Fig. 2(b) ]. In an attempt to verify this difference Raman spectroscopy was undertaken on samples annealed in the different ambients. Figure 3(a) shows raw Raman spectra obtained from a Si implanted sample ͑2 ϫ 10 17 cm −2 ͒ annealed at 1100°C for 16 h in Ar or N 2 , along with spectra obtained for bulk Si and fused silica. The inset shows a detailed view of raw spectra from the full range of samples. Corrected spectra (background subtracted) are shown in the inset of Fig. 3(b) . It is evident from these spectra that samples annealed in N 2 have a smaller Raman shift, lower intensity, and larger linewidth ⌫ than samples annealed in Ar, consistent with the former containing smaller nanocrystals. 17 This is further highlighted by Fig. 3(b) which compares the linewidth ⌫ extracted from the corrected Raman spectra for samples annealed in N 2 and Ar. The difference between the samples decreases with increasing fluence and is most pronounced for the lowest fluence sample that is most similar in peak Si excess to the samples used for the PL study. However, the PL spectra for the full fluence range of Raman samples show differences between annealing in Ar and N 2 (not shown), with the PL from samples annealed in Ar always redshifted in comparison to the PL from those annealed in N 2 . It must also be kept in mind that PL is only sensitive to luminescent nanocrystals whereas Raman spectroscopy is sensitive to all nanocrystals.
The differences in Raman and PL spectra between samples annealed in N 2 or Ar could suggest the incorporation of nitrogen within the oxide. (The large fluorescence background observed in the Raman spectra only for the N 2 annealed samples could support this.) N 2 is relatively inert, with the direct nitridation of Si in pure N 2 requiring temperatures in the 1200-1300°C range due to the high strength of the N w N bond ͑9.8 eV/ molecule͒. 18 However, it has been observed that N 2 reacts with Si at moderate temperatures (760-1050°C) in the presence of gas-phase impurities ͑H 2 ,O 2 ,CO 2 ͒ to form ultrathin ͑Ͻ1.2 nm͒ oxynitride films near the interface. 19 The presence of this interfacial nitrogen reduces the concentration of strained Si-O bonds, and suppresses the generation of interface states during electrical stressing of the Si/ SiO 2 interface. 18 Nitridation of the nanocrystals, which would consume silicon, is consistent with the PL from the N 2 annealed samples being blueshifted with respect to Ar annealed samples. It would also be expected to have an effect on the nanocrystal surface passivation.
In conclusion, the choice of annealing environment was found to have a significant effect on the luminescence of Si nanocrystals. PL from samples annealed at 1100°C in N 2 and FG (5% H 2 in N 2 ) were found to be similar, after the effects of hydrogen passivation were taken into account. The Ar environment, on the other hand, produced significantly different PL, especially after extended annealing times (16 h). These results are consistent with the common view that annealing in Ar is a simple process of thermal relaxation, while annealing in N 2 is a process of thermal relaxation that is compounded by the exchange of nitrogen with the oxide network. PL and Raman spectroscopy suggest that N 2 -containing environments produce smaller nanocrystals, most likely through oxynitridation. This is further supported by PL data which indicate that annealing in N 2 also improves the degree of surface passivation. 
